The scanning electron microscope provides a valuable combination of high resolution imaging, elemental analysis, and recently, crystallographic analysis:
• Imaging of features as small as 10 nm or less, roughly 100 times smaller than can be seen with light microscopes • Imaging of rough surfaces • Qualitative and semi-quantitative elemental analyses on microstructural features as small as 2 m • Identifying crystalline compounds and determining crystallographic orientations of microstructural features as small as 1 m (recently developed capability--not currently widely used, but likely to become so)
Typical Uses
• Characterizing fracture surface micro-appearance and determining the nature of the fracture process (dimple rupture, cleavage, fatigue, intergranular environmentally enhanced fracture, etc.) • Quality assurance examination of microelectronic devices, interconnections, bonds, etc.
• Detecting the onset of corrosion in small components and characterizing corrosion products • Resolving fine microstructural features on polished and etched metallographic samples • Performing qualitative and semi-quantitative elemental analyses on microstructural features, contaminant particles, etc.
• Identifying microstructural phases and compounds by their crystal structures • Characterizing preferred crystallographic orientations by analysis of orientations of individual grains
Spatial Resolution
• Secondary electron imaging of surface topography: 10 nm • Backscattered electron imaging of atomic number contrast: 1 m • X-ray characterization of elemental chemistry: 2 m using typical beam voltages of 20 kV (much better resolution, 100 nm, can be obtained using low voltage beams) • Electron diffraction characterization of crystal structure and orientation: 1 m
Elemental Analysis Detection Threshold and Precision
• Threshold sensitivity for elemental analysis using EDS detector: 1%
• Precision of quantitative elemental analysis using EDS detector: 10% relative or 2% absolute, whichever is greater
Limitations
• Energy dispersive detectors used for chemical analysis have difficulty detecting and analyzing elements with atomic numbers less than 7 (nitrogen); older instruments with beryllium window detector cannot detect elements with atomic numbers lower than 11 (sodium).
Sample Requirements
• Sample size up to 5 cm can be accommodated by most SEMs, and SEMs equipped with large sample chambers can readily accommodate considerably larger samples, such as 15 and 20 cm silicon wafers from microelectronics production lines.
• No preparation is typically required for clean metal samples.
• Nonconductive samples or samples with marginally conductive surface regions must be coated with a thin layer of conductive material. A thin gold-palladium layer is typically sputtered onto samples intended for imaging only, whereas a thin carbon layer is typically vacuum evaporated onto samples where x-ray microanalysis will be performed.
Operating Principles
Instrumentation. A simplified schematic of an SEM is shown in Fig. 1 . Electrons are produced by one of several types of sources at the top microscope column. These electrons are accelerated down the column by a voltage differential in the electron gun (typically in the range of 1,000 to 50,000 V). The column must be kept under vacuum while the microscope is operating. As the beam passes down the microscope column, it is focused by variable strength electromagnetic lenses to a fine spot (in some cases as small as 1 nm) on the surface of the sample using the xaxis and y-axis electromagnetic beam scanning coils. The raster rate can be varied by the operator--one complete pass over the area of interest can take as little as s (typically used for lower resolution screening of various areas on the surface), or as long as 20 s (typically used for higher resolution photographing of an area of interest). Several types of detectors are used to monitor the various signals emitted from each spot on the sample as the beam impinges on it. The outputs of these detectors are electronically processed and used to modulate the intensity of the spots on a cathode ray tube (CRT) whose scan is synchronized with that of the electron beam's raster on the sample surface. The result is a television-type image of the portion of the sample surface being scanned by the beam. Portions of the surface that produce strong response signals appear bright on the CRT, while portions that produce weak response signals appear dark.
The images viewed on the CRT have historically been recorded photographically, but in recent years are increasingly being recorded electronically. Such electronic recording facilitates electronic image enhancement, quantification of the sizes and shapes of features appearing on the images, electronic transmission of images to other locations, and electronic incorporation of images into reports.
As can be seen from the above description, the SEM really is not a microscope in the classical sense--it has no lenses that magnify the image. The sole purpose of the magnetic lenses is to focus the beam to a very small spot on the sample surface. The magnification of the image is defined by area on the sample surface over which the electron beam is rastered and the size of the CRT screen on which the image is displayed. Magnification is increased simply by decreasing the area over which the beam is rastered, or decreased by increasing the area over which the beam is rastered.
Several types of signals can typically be detected and used to generate images on the CRT. The images corresponding to these different signals reveal different types of information. The three primary types of signals and images, secondary electrons, backscattered electrons, and x-rays, are described in the following paragraphs.
Beam-Sample Interactions. When the incident electron beam impinges on the surface, it penetrates a short distance into the sample, interacting with the atoms in the sample as it penetrates. Typical penetration distances range from one to several micrometers depending on the atomic numbers of the elements in the sample (greater penetration depths for low atomic number elements, lesser depths for high atomic number elements) and the incident beam accelerating voltage (greater penetration for higher accelerating voltages). The beam spreads out as it penetrates, typically resulting in a pear-shaped interaction volume (Fig. 2) . Two important types of interactions occur between the incident electrons and the sample's atoms, resulting in the three primary signals (Fig. 3) . Some of the incident electrons interact with the electrons associated with the atoms of the sample, "knocking them out" of the conduction band and other orbitals, and generating secondary electrons. The atoms from which electrons have been removed are now in "excited states" and "relax" as electrons from higher energy levels fill the vacated sites. Each of these relaxation events is accompanied by the release of energy equal to the difference in energies between the two atomic energy levels involved. Transitions involving inner shell electrons often result in the generation of energy levels involved. Transitions involving inner shell electrons often result in the generation of x-ray photons. This is identical to the atomic process described in the section on x-ray fluorescence spectroscopy in the article "Bulk Elemental Analysis." As in x-ray fluorescence spectroscopy, the energies of these x-rays can be compared to the known characteristic energies of each element, enabling the atoms in the sample to be chemically identified, as illustrated in Fig. 3 of that same article. Each incident electron typically interacts with tens to hundreds of atoms before its energy is eventually expended. Each time an incident electron interacts with an atom in this way, its path is deflected somewhat. This accounts for the spreading of the beam as it enters the sample and the pear-shaped interaction volume, as illustrated in Fig. 2 of the article "Bulk Elemental Analysis." Other incident electrons interact with the much heavier nuclei of the atoms in the sample. These electrons typically "bounce back," as would a ping pong ball striking a bowling ball. For obvious reasons, these are termed backscattered electrons. Secondary Electron Imaging of Surface Topography. Secondary electron images provide information on the topography of the same--a "picture" of the portion of the sample surface over which the beam is being rastered. The secondary electrons generated in the sample have relatively low energies, on the order of a few electron volts (eV). As a result, only the secondary electrons produced close to the sample surface (within 10 nm) are able to escape from the sample. Secondary electrons produced deeper in the interaction volume interact with other atoms, dissipate their energies, and are absorbed before reaching the surface (Fig. 4) . The secondary electrons emitted from the sample are attracted to the secondary electron detector by a positive bias of several hundred volts. Because the secondary electrons have kinetic energies of only a few electron volts, their paths are easily influenced by this bias, and a high percentage of them enter the detector and are counted. The number of secondary electrons exiting the sample is controlled mostly by the local geometry of the surface at the point where in incident beam impinges on it. As can be seen in Fig. 5 , when the beam impinges on a rough sample at the top of a sharp peak, a great deal of the interaction volume is within 10 nm of a free surface, hence a very large number of secondary electrons exit the sample and are collected by the detector. The resulting intense signal results in a bright spot on the CRT. Conversely, when the incident beam impinges at the bottom of a deep valley, very little of the interaction volume is within 10 nm of a free surface, hence a very few secondary electrons exit the sample, resulting in a dark spot on the CRT. For inclined surfaces, the number of escaping secondary electrons increases with increasing angle of inclination (Fig. 5) . The net result is that, in secondary electron images, sharp peaks appear brightest, highly inclined edges appear somewhat less bright, portions of the surface perpendicular to the beam appear darker, and the bottoms of deep recesses appear darkest. This is very similar to the pattern of contrast that results when inclined visible light impinges on a macroscopically rough surface. Our brains are accustomed to "processing" images with this type of contrast, and correctly interpret secondary electron images as topography or pictures of the sample's surface.
These principles of secondary electron contrast are apparent in the SEM photograph or a dimpled fracture surface, shown in Fig. 6 . The surface consists of cup-shaped dimples, each corresponding to a microscopic failure event, and sharp ridges where adjacent failure events joined. The secondary electron image reveals the ridges as bright, the inclined dimple walls as less bright, and the perpendicular dimple bottoms are darker. Because secondary electrons are collected from only the top 10 nm of the sample where very little beam spreading has occurred, each digital examination point on the sample surface can be quite small and still be distinct from neighboring examination points. As a result, it is possible to resolve adjacent surface features with dimensions of 10 nm by secondary electron imaging or less under special conditions. State of the art instruments with field emission electron guns have 1 nm secondary electron imaging resolution. Furthermore, the primary requirement for a sharp image is that the incident beam be focused to sharp spot on each digital examination point at which it impinges on the surface. Because the cone angle of the focused beam can be made quite small, it is possible to satisfy this requirement simultaneously for both peaks and valleys on relatively rough surfaces. This provides outstanding depth of field, which is the ability to focus simultaneously on both the highs and lows of rough surfaces.
In addition to imaging naturally rough surfaces, such as metal fractures, secondary electron imaging can also be used to examine the surfaces of polished and etched metallographic samples. The fact that secondary electron imaging can resolve features 100 times smaller than can be resolved by light microscopy enables SEMs to use higher magnifications to characterize fine microstructural features that cannot be resolved by light microscopy ( Fig. 7) . Backscattered Electron Imaging and Atomic Number Contrast. Backscattered electron images, on the other hand, provide contrast based on differences in average atomic number of different portions of the sample. Because backscattered electrons result from direct collision of light incident electrons with the heavy nuclei of atoms in the sample, it is not surprising that the strength of the backscattered electron signal increases with increasing nuclear mass, that is, with increasing atomic number. Backscattered electrons exit the sample with kinetic energies similar to those for the incident electrons (thousands of electron volts), so their paths are essentially unaffected by the few hundred volt bias of the secondary electron detector. Backscattered electrons are typically collected by solid state annular detectors placed above the sample to maximize the number of electrons that can be collected in a line-of-sight fashion. Backscattered electron images display portions of the sample surface with relatively high average atomic number as bright; portions of the sample surface with lower average atomic number appear darker (Fig. 8) . Because backscattered electrons have higher kinetic energies than secondary electrons, they can escape from far deeper in the interaction volume. Because the beam diverges as it penetrates in the sample, backscattered electron image spatial resolution is not as good as that of secondary electron images. Backscattered electron resolution is typically 1 m, similar to that of light microscopy. This resolution can be improved to 100 nm by using low voltage beams. Excellent depth of field is retained with backscattered electron imaging, for the same reason discussed for secondary electron imaging.
X-Ray Detection and Elemental Microanalysis. X-rays provide information on which elements are present in small portions of the sample. The atomic principles by which the characteristic x-rays are generated are identical to those discussed in the section on x-ray fluorescence spectroscopy in the article "Bulk Elemental Analysis," except that excitation is provided by the incident electron beam, rather than an incident x-ray beam. In effect, then, the scanning electron microscope provides a mini-x-ray spectrometer with a very fine incident beam that can be used to probe the chemistries of very small operator-selected portions of the sample.
Many scanning electron microscopes are equipped with an energy dispersive x-ray detector. The operation and characteristics of EDS detectors are described in the section on x-ray fluorescence spectroscopy in the article "Bulk Elemental Analysis." This detector and the associated electronics provide a histogram of the x-ray energies emitted from the sample. As with bulk x-ray spectroscopy, the characteristic x-ray energies observed tell which elements are present, and the relative intensities of the various characteristic x-ray peaks provide information on the relative concentrations of the elements present, as illustrated in Fig. 3 of that same article.
X-ray spectra can be collected either from an area on the surface defined by the beam's x-y raster, or from an individual point by stopping the raster and adjusting the scan coils to move the beam to the desired location on the sample surface. In either case, x-rays are typically collected for tens to hundreds of seconds, and the x-ray histogram displayed on a second CRT, rather than the CRT used for imaging. The results of most analyses are displayed as secondary electron images with xray spectra corresponding to particular features of interest (Fig. 9) . If desired, a single x-ray energy can be selected corresponding to an element of interest, the instrument returned to the scanning mode, and an image generated in which the brightness is modulated by the concentration of this element at each point on the raster. The resulting x-ray maps can provide exceptionally useful information on how various elements are distributed in the sample, particularly when taken in conjunction with secondary electron or backscattered electron images. However, because energy dispersive x-ray detectors are characterized by a moderate level of background noise, the x-ray maps they generate are not as high in quality as ones generated when the x-rays are analyzed using wavelength dispersive crystal spectrometers. (See Fig. 4 -6 in the section "X-Ray Fluorescence Spectroscopy" of the article "Bulk Elemental Analysis" for discussion of the strengths and weaknesses of these different types of x-ray detectors.) Scanning electron microscopes are occasionally equipped with a wavelength dispersive detector to facilitate x-ray mapping, but more often such mapping is done using an electron probe microanalyzer, as will be described in the next section.
Characteristic x-ray escape the sample from the entire interaction volume (Fig. 4) . As a result, the spatial resolution for x-ray microanalysis is on the order of several micrometers. It is a common misconception that SEMs can perform chemical analyses with the same resolution as secondary electron imaging. While surface features as small as 10 nm can be "seen" by secondary electron imaging, chemical analyses of such features really provide elemental information on not only the feature itself, but the entire several micrometer volume surrounding it.
As with bulk x-ray fluorescence spectroscopy, only elements with atomic numbers of 7 or greater can be readily detected and analyzed. Elements with lower atomic numbers produce very few x-rays, and the x-rays produced have very low energies and are easily absorbed. Older instruments equipped with beryllium window detectors are limited to elements with atomic numbers of 11 or higher because the low energy x-rays produced by lower atomic number elements are mostly absorbed in the detector window. More modern ultrathin window detectors enable detection of elements down to atomic number 5. Lower atomic number elements must be detected by other means, as will be described in the section on Auger electron microscopy.
Diffracted Beams and Crystallographic Microanalysis. Recent developments have also made it possible to collect and analyze crystallographic information from features observed in the SEM. The divergent beam of characteristic x-rays generated as the incident electron beam penetrates the sample can also be diffracted from the portion of the sample in the immediate vicinity of the beam interaction zone. The resulting diffraction pattern, termed a Kossel pattern, is particularly useful for measuring interplanar spacings with high precision. The precise interplanar spacing information can, in turn, be used to measure residual stresses in individual grains. The divergent beam of backscattered electrons also has a wave character and can similarly diffract from the planes in the surrounding grain. The resulting electron diffraction pattern, termed a Kikuchi pattern, is analogous to the x-ray Kossel pattern, but is made up of straight lines that are easier to index. These Kikuchi patterns can be used to identify crystalline phases (similar to x-ray powder diffraction but based on a different diffraction geometry), as well as to determine orientation distribution functions in a grain-by-grain fashion. These Kossel and Kikuchi patterns can be readily solved and interpreted by computer methods. An example of a Kikuchi pattern and its computer assisted solution are shown in Figure 10 . Most SEMs are not yet equipped to perform these types of crystallographic analyses, but it is likely that these powerful capabilities will become more commonly available. Voltage Contrast and Analysis of Microelectronic Devices. Additional types of specialized imaging can also be done with scanning electron microscopes. Several types are particularly useful in examining and analyzing active microelectronic devices. For example, because secondary electrons escape from the sample with kinetic energies of only a few electron volts, the strength of the secondary electron signal will vary substantially with the voltages presenting various parts of an operating electrical device. For the simplest case of a DC device in which potential differences of a few volts exist, more secondary electrons will be emitted from negatively biased portions, and fewer from positively biased portions. In the secondary electron image, then, the negatively biased portions will appear bright and the positively biased portions will appear dark. In the more complex case of microelectronic circuit operating at high frequency, strobe-like "pictures" of the circuit's operation can be obtained by rapid "blanking" of the incident beam synchronously with the device, such that each "picture point" on the secondary electron image corresponds to the same "phase" in the circuit's operation. A series of such "strobe images" can be taken corresponding to successive phases in the circuit's operation, showing the potentials of different conduction lines and circuit elements at each phase, which provides a powerful tool for troubleshooting microelectronic circuits.
Capabilities of Related Techniques:
Electron probe microanalysis is very similar to SEM, but usually equipped with several crystal spectrometers for wavelength dispersive x-ray analysis. This provides greatly improved capabilities for quantitative microanalysis, x-ray mapping, and characterizing elemental profiles in the vicinities of interfaces. Flat polished samples are required in order to take full advantage of quantification capabilities.
Transmission electron microscopy provides markedly better spatial resolution for imaging and x-ray microanalysis, and provides for crystallographic analysis by electron diffraction. Crystallographic analysis methods are more highly developed than those for SEM. Sample preparation is tedious, and only very small portions of the sample can be viewed.
Scanning Auger Microscopy can perform microanalyses on low atomic number elements down to lithium (atomic number 3). Analyses originate from very near surface region (first few atomic layers), so sample surfaces must be atomically clean or results will be representative of surface contaminants rather than the underlying sample.
Electron Probe Microanalysis (EPMA) Capabilities and Typical Uses
The electron probe microanalyzer (frequently termed the electron microprobe) is essentially a scanning electron microscope that has been optimized to perform high quality elemental microanalyses. Historically, the two instruments were developed separately and for different purposes, but as they evolved they became increasingly similar. While most SEMs are primarily imaging instruments to which rapid elemental microanalysis capabilities have been added, electron microprobes are primarily quantitative microanalyzers that are capable of imaging the areas being analyzed. Electron microprobes are used primarily for the following:
• Quantitative microanalyses of microstructural features • Quantitative elemental profiling of compositional gradients (similar to Fig. 22b , but with 1 m spatial resolution) • X-ray mapping to show how elements of interest are concentrated or depleted in different micro-areas or microstructural features (Fig. 11 ) 
Operating Principles and Instrumentation
The electron microprobe and scanning electron microscope operate on identical principles. The key differences are that electron microprobes are typically equipped with several crystal spectrometers to facilitate wavelength dispersive x-ray analysis. Qualitative analysis is typically performed using an energy dispersive x-ray analysis. Qualitative analysis is typically performed using an energy dispersive x-ray detector, but subsequent quantitative analyses are done using the wavelength dispersive crystal spectrometers (WDS). As described in the section on x-ray fluorescence spectroscopy in the article "Bulk Elemental Analysis" and illustrated in Fig. 4-6 , wavelength dispersive x-ray analysis has several advantages over energy dispersive analysis:
• Much better signal-to-noise ratio, which facilitates qualitative analysis and the generation of much higher quality x-ray maps • Better separation of x-rays with similar energies (or wavelengths), which enables elements that are difficult to distinguish with EDS detectors, such as molybdenum and sulfur, to be unequivocally identified and quantified • Better detection of low atomic number elements that produce small numbers of low energy x-rays. Electron microprobes can identify and semi-quantify elements with atomic numbers in the 4 to 7 range, which are more difficult to detect and analyze with EDS systems.
Other key factors to be considered include:
• Electron microprobes have high and very stable beam currents to maximize x-ray counting statistics and minimize variations in x-ray generation rate associated with instrumental fluctuations.
• Electron microprobes have precisely controlled automated specimen stages to facilitate large numbers of composition measurements to be made in an automated computer controlled fashion.
• Electron microprobes are equipped with sophisticated computer hardware and software to facilitate data reduction and quantitative plotting and mapping of results.
Spatial Resolution
• Backscattered electron imaging of atomic number contrast: 1 m • X-ray characterization of elemental chemistry: 2 m, sampling depth 2 m
Elemental Analysis Detection Threshold and Precision
• Threshold sensitivity for elemental analysis using WDS detector: 0.01%
• Precision of quantitative elemental analysis using WDS detector: 0.5% relative or 0.02% absolute, whichever is greater
Limitations
• Precise quantitative chemical analysis is difficult for atomic numbers less than 8 (oxygen), and must frequently be inferred from analytical totals less than 100%.
• Elements with atomic number less than 4 (beryllium) cannot be detected.
Sample Requirements
• The best quantitative analyses are obtained on polished and unetched metallographic samples. Samples with rough, scratched, or etched surfaces violate some of the assumptions inherent in the data reduction software, thus degrading the precision of the quantitative analytical results.
• Nonconductive samples or samples with marginally conductive surface regions must be coated with a thin layer of conductive material, typically carbon.
Transmission Electron Microscopy (TEM) Terminology
Transmission electron microcopy (TEM) has been used since the 1950s to obtain very high resolution images of microstructures. As TEMs were enhanced to include features such as digitally scanned point beams and energy dispersive x-ray detectors for chemical microanalysis, alternative names, such as scanning transmission electron microscopy (STEM) and analytical electron microscopy (AEM), were coined and became commonly used. This section incorporates all of these under the general title transmission electron microscopy.
Capabilities
The transmission electron microscopy provides the highest resolution imaging, elemental analysis, and crystallographic analysis of all the techniques described in this article. It is capable of:
• Imaging of features as small as several tenths of nanometers, down to the scale of individual crystallographic planes and atoms • Qualitative and semi-qualitative elemental analyses with spatial resolution approaching 10 nm, roughly 100 times better than SEMs or electron microprobes • Identifying crystalline compounds and determining crystallographic orientations of microstructural features as small as 30 nm
Typical Uses
The combination of capabilities described above make the TEM a very powerful tool for high resolution microstructural characterization. Typical uses include:
• Characterizing dislocation arrangements resulting from deformation and annealing • Identifying and characterizing the morphologies, elemental compositions, and crystallographic aspects of very fine microstructural features, e.g., strengthening precipitates produced during age hardening • Determining orientation relationships between parent and product phases, matrix and twins, etc.
• Characterizing compositional gradients over very short distances, e.g., diffusion
profiles associated with phase transformations whichever is greater
Limitations
• Sample preparation is tedious, and only small portions of the sample can be analyzed.
• Elemental chemical analysis cannot be readily done for elements with atomic numbers less than 7, and counting statistics are not as good as with EPMA.
Sampling Requirements
• Small samples must be carefully prepared specifically for TEM, as described below. Sample preparation is tedious.
• Care must be taken to ensure that samples are free from preparation artifacts.
• Only very small portions of the sample can be analyzed, so it is crucial to ensure that the microstructure characterized is representative of the bulk material.
Operating Principles
Instrumentation. A simplified schematic of a TEM is shown in Fig. 12 . The top portion of the column is similar to that of an SEM. Electrons are produced and are accelerated down the column by a voltage differential in the electron gun typically in the range of 100,000 to 400,000 V). The column must be kept under vacuum while the microscope is operating. As the beam passes down the microscope column, it is focused by variable strength electromagnetic condenser lenses. These condenser lenses can either focus the beam to a fine spot on the sample or flood a much larger portion of the sample with a parallel beam of electrons. Sample Preparation. The sample typically consists of a 3 mm diameter disk of material that has been specially prepared so that a portion of it is thin enough to permit the electron beam to penetrate completely through it. The maximum permissible thickness varies with the elements making up the sample (high atomic number elements are less transmissive) and the beam accelerating voltage (higher accelerating voltages enhance beam penetration), but it is typically in the range of one hundred to several hundred nanometers. Samples are thinned by a variety of methods including mechanical cutting and grinding (used in the preliminary steps of sample preparation), electrolytic polishing (commonly used for final thinning of metals), and ion milling (used with both metals and insulating materials). It is crucial that any damaged layer introduced during preliminary mechanical preparation be fully removed during subsequent electropolishing or ion milling. Typically these preparation steps are done in a way that produces an hourglass cross section in the disk, as shown in Figure 13 . Final thinning is continued until a hole first forms near center of the disk, then the electropolishing or ion milling processes are immediately halted. The thin tapered portions of material adjacent to the hole are frequently thin enough to be electron transparent. If electropolishing or ion milling are continued too long, the thin electron transparent sections adjacent to the hole will be removed and the remaining material will likely be too thick to be penetrated by the electron beam. As the preceding description implies, TEM sample preparation is a tedious and time consuming process. Even when the sample preparation process is successful, only a very small portion of the sample is electron transparent and amenable to characterization. Because the results of TEM analyses represent information obtained from very small amounts of material, it is exceedingly important to ensure that the material being characterized is representative of the bulk material. Hence, TEM should usually be done in conjunction with other types of analysis, such as metallography, x-ray diffraction, and scanning electron microscopy, which readily characterize much larger amounts of material, albeit with lower resolution. Transmission electron microscopy is an exceptionally powerful method for characterizing microstructural details, but it is important to balance this detailed look at the "leaves" with a good overview of the "forest."
Beam-Sample Interactions. Once a sample with adequate electron transparency has been inserted into the microscope, a wealth of crystallographic, morphological, and chemical information can be obtained from it. As the incident electron beam penetrates a crystalline sample a variety of diffraction and excitation events occur. These provide:
• Identification of phases and compounds based on interplanar spacing fingerprints obtained from electron diffraction patterns (equivalent to x-ray powder diffraction, but on very small preselected microstructural features) • Determination of crystallographic orientations from single-crystal electron diffraction patterns (equivalent to x-ray Laue orientation determination, but on very small grains, precipitates, or other microstructural features) • Imaging of microstructural features (similar to metallography, but with 1000 times better resolution, and based on a diffraction contrast, rather than reflected light contrast) • Elemental analysis (qualitative and quantitative) based on characteristic x-ray emission (equivalent to elemental analysis in the SEM or EPMA, but with 10 to 100 times better spatial resolution)
Electron Diffraction. Because the electron beam has a wave character, it can be diffracted by the planes in the crystal in cases where Bragg's law is satisfied, essentially as was described in the previous article on "X-Ray Diffraction for Bulk Structural Analysis" and illustrated in Fig. 2 in that article. If such diffraction occurs from a large number of fine randomly oriented crystals in the sample, this results in a series of axisymmetric cones, each cone corresponding to a specific interplanar spacing and the associated diffraction angle that satisfies Bragg's law. These cones intersect the viewing screen as circular rings, and can be recorded either on the underlying film or CCD detector as rings. The radius of each ring can be measured and used to calculate the diffraction angle and corresponding interplanar spacing. The set of interplanar spacings can then be used to identify the crystalline phases or compound(s) making up the sample, exactly as was described in the article "X-Ray Diffraction for Bulk Structural Analysis." An example of this is shown in Figure 14 . Alternatively, if the electron beam impinges on a single grain or crystal, an electron diffraction pattern consisting of a series of spots is obtained. This pattern is similar to a single crystal x-ray Laue pattern. The symmetry and angular relationships between the spots enable the crystallographic orientation of the grain to be determined. Figure 15 shows an example of orientation determination from a single crystal electron diffraction pattern. In cases of related orientations, such as epitaxial nucleation of one phase on another, or the formation of oriented precipitates with a parent phase, the orientation relationships between the phases can be determined from these electron diffraction patterns. Imaging of Microstructural Features. Electron diffraction also provides the primary source of image contrast in metals and other crystalline materials. Consider a relatively broad incident beam that impinges uniformly across several grains in a thin sample (Fig. 16 ). Electron beams in the range of 100,000 to 400,000 V have much shorter wavelengths than x-rays, which makes typical diffraction angles quite small. As a result, nearly all grains diffract to some extent. Some grains are oriented in ways that particular planes satisfy Bragg's law precisely. These grains diffract strongly. Other grains are oriented in ways that none of their planes satisfy Bragg's law precisely, but some planes are within a small fraction of a degree, hence they diffract to a limited extent. The degree to which diffraction occurs varies the extent to which the incident beam is directly transmitted through the sample from grain to grain. Grains least oriented for diffraction directly transmit much of the incident beam and diffract only a small amount of it. Other grains are ideally oriented for diffraction and directly transmit much less of the incident beam and diffract much of it. The directly transmitted beam, then, it not uniform in intensity across its diameter but carries intensity variations corresponding to the grains through which it passed and their differing level of diffraction. When the directly transmitted beam is imaged, magnified, and projected onto the viewing screen, this provides light and dark contrast in the image. Grains that transmitted a high percentage of the incident beam appear bright, and those that diffracted more of the incident beam appear dark. Figure 17 shows an example of this type of grain contrast. In addition to contrast arising from grain-to-grain orientation differences, any crystalline defects that result in local variations in diffraction also produce light and dark contrast in the image. As a result, defects such as dislocations and stacking faults can be imaged by the TEM. Figure 18 shows an example of dislocations in aluminum imaged by TEM. In addition to the bright field images obtained from the directly transmitted beam, dark field images can also be obtained from any of the diffracted beams. These images are particularly useful in cases where two or more superimposed diffraction patterns are obtained corresponding to adjacent features in the sample. Dark field imaging makes it possible to determine which diffraction spots correspond to each feature, thus facilitating the determination of crystallographic characteristics such as orientation relationships and habit planes. An example of a dark field image obtained from multiple defraction spots is provided in Fig. 19 .
Fig. 19
Transmission electron microscopy dark field image of same area as in Fig. 17 . Dark field image was obtained by imaging numerous diffraction spots, so most areas that strongly diffracted and appeared dark in Fig. 17 now appear bright. Areas that diffracted weakly and appeared bright in Fig. 17 now appear dark. Courtesy of Tom Headley, Sandia National Laboratories Direct imaging of particular crystal planes can be accomplished using a combination of the directly transmitted beam and one or more diffracted beams. This enables high-resolution characterization of individual lattice planes and defects, as illustrated in Fig. 20 . Excitation and characteristic x-ray production also occurs as the incident electron beam interacts with the atoms in the sample. As in the SEM and EPMA, this provides the equivalent of a x-ray fluorescence spectrometer that can probe the chemistries of very small operator-selected portions of the sample. The energies and intensities of these characteristic x-rays are typically detected and analyzed using an EDS system, enabling qualitative identification of the elements present in the sample and quantitative determination of their relative concentrations, respectively. It the TEM, however, the thinness of the sample significantly reduces the size of the interaction volume, as shown in Fig. 21 . This occurrence limits the degree to which electron beam spreading occurs in the sample, and provides the ability to perform chemical analyses with significantly better spatial resolution than in the SEM or EPMA. This resolution permits chemical characterization of features as small as 10 nm and determination of chemical gradients over submicrometer distances, as shown in Fig. 22 . Because the interaction volume is much smaller than in bulk samples, however, much smaller numbers of x-ray photons are produced. This results in poorer counting statistics, so quantitative analyses obtained by TEM typically have larger degrees of uncertainty than those obtained by EPMA. The exceptional utility of TEM is based on its ability to obtain imaging, chemistry, and crystallographic information in combination with one another, and with very high spatial resolution (on very small microstructural features). Figure 23 provides a typical example of how these capabilities can be combined to understand microstructural phenomena in great detail. However, these strengths are seriously offset by the difficulty of specimen preparation and the fact that not only very small amounts of material are examined. Scanning electron microscopy and EPMA require much simpler sample preparation and can readily locate and characterize specific areas of interest in larger samples, including failed engineering components. Until recently, SEM and EPMA were capable only of combined imaging and chemical characterization but not crystallographic characterization. As new methods for SEM crystallographic characterization are developed, however, these instruments will become increasingly powerful. Transmission electron microscopy will remain exceptionally useful for analyses that require very high resolution, but it is likely that SEM and EPMA will be used increasingly for a broader range of application that do not require submicron spatial resolution.
Fig. 23
Combined TEM imaging, electron diffraction identification, and elemental microanalysis of P, , and intermetallic phases of alloy 22 weld metal. Source:
